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Abstract  
Constraining the timing of tectonothermal events in the Proterozoic Miaowan Ophiolite 
Complex (MOC) and associated rocks in the southern Huangling dome, Yangtze craton, is 
critical for understanding late Mesoproterozoic and Neoproterozoic  tectonic evolution (ca. 1.2–
0.9 Ga) of South China and its relationship with the formation of the Rodinian supercontinent. 
The MOC consists of metamorphosed dunite and harzburgite, isotropic and layered gabbros, 
diabasic sheeted dike, basalt, plagiogranite, and calc-silicate-bearing siliceous and carbonaceous 
mylonitic rocks. In this study, we present new field, petrographic, geochemical, geochronological 
and isotopic data for these metasedimentary rocks and mylonitic metasandstone between the 
ophiolite and underlying flysch sequence, to unravel their origin and tectonic significance for the 
Yangtze craton. The MOC and associated sedimentary rocks underwent amphibolite facies 
metamorphism. Geochemical data and field relationships indicate that the mylonitic 
metasandstone was derived from both the autochthonous rocks of the underlying Yangtze craton 
and the allochthonous MOC during the accretion of the ophiolite to the craton. The calc-silicate-
bearing siliceous and carbonaceous rocks are interpreted as tectonic slices of metasomatized and 
mylonitized chert and limestone, respectively, deposited on the basaltic crust in a Neoproterozoic 
ocean. Cores of igneous detrital zircons in the calc-silicate-bearing siliceous and carbonaceous 
mylonitic rocks have yielded two distinct age groups including a 967 to 1105 Ma (Mean=1009 
Ma) group and a 1011 to 1095 Ma (Mean=1054 Ma) group. The majority of initial εHf (t) values 
(+9.2 to +14.1) in the zircon cores are similar to those of zircons from the gabbro, diabase and 
plagiogranite in the MOC, indicating that zircons in the mylonitic rocks were mainly derived 
from the MOC. Metamorphic overgrowth ages in zircon rims suggest that the latest 
tectonothermal event in the Precambrian basement rocks of the Yangtze craton took place 
between 942 and 935 Ma. These metamorphic ages are comparable to those of the Grenvillian-
aged collisional events recorded in orogenic belts worldwide. Accordingly, we suggest that this 
youngest tectonothermal event represents the latest amalgamation time of the heterogeneous 
tectonic blocks of the Yangtze craton, which were associated with the assembly of the Rodinian 
supercontinent.  
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1. Introduction 
Sedimentary rocks associated with ophiolites are mainly deposited on the oceanic crust 
during seafloor spreading, transport and in trenches and foredeeps during accretion-collision 
processes, and include many different types of lithologies, such as pelagic chert, carbonate (if the 
ridge is elevated above the carbonate compensation depth), hemipelagic shale, and sandstone 
(e.g., see review by Kusky et al., 2013). Geochemical compositions and geochronological 
investigation of these sedimentary rocks can provide significant new insights into the nature of 
depositional environment, provenance, and of the timing of tectonothermal events associated 
with the formation and accretion of their host ophiolites (Coleman, 1977; Bédard et al., 2008; 
Zhou, 2008). 
The Yangtze craton is one of the largest Precambrian blocks in China (Fig. 1a; Wu et al., 
2012; Zheng et al., 2013). It is composed of voluminous Mesoproterozoic to Neoproterozoic 
igneous intrusions containing minor mafic to ultramafic rock associations along the margins, 
while Paleoproterozoic to Archean rocks crop out mainly in the Huangling dome that is located 
about 200 km away from the northern margin of the craton (Li et al., 2008; Wang et al., 2013a; 
Zheng et al., 2013; Guo et al., 2014; Xu et al., 2014, and references therein). A study of the 
sedimentary rocks associated with the late Mesoproterozoic-early Neoproterozoic mafic to 
ultramafic rock associations can provide an excellent opportunity to resolve outstanding 
questions about Precambrian tectonothermal events that occurred during the evolution of the 
Yangtze craton (Jiang et al., 2002; Xiong et al., 2004), especially for the assembly and break–up 
of the Rodinia (Li et al., 2003; Zhou et al., 2007; Zhang et al., 2008; Peng et al., 2010; Zhang and 
Zheng 2013) and the Columbia supercontinents (Zhang et al., 2006; Xiong et al., 2008; Wu et al., 
2009; Peng et al., 2012c).    
Peng et al. (2010) showed that the mafic to ultramafic rock association, formerly called the 
Miaowan Formation, in the southern Huangling dome in the Yangtze craton represents a 
Proterozoic ophiolite, named the Miaowan Ophiolite Complex (MOC) (Fig. 1b). Subsequent 
studies (Deng et al., 2012; Jiang et al., 2012; Peng et al., 2012a) suggested that the MOC formed 
in a forearc tectonic setting at an intra-oceanic supra–subduction zone at ca. 1.0 Ga. If this 
interpretation is correct, a Neoproterozoic subduction-accretion-collision event should have 
taken place within the Yangtze craton, which has profound significance for understanding the 
tectonic evolution of the craton. However, the time of this tectonothermal event in the MOC has 
not been well constrained.  
During our recent field studies, we have recognized strongly deformed, compositionally 
heterogeneous, up to several tens of meters thick and several hundreds of meters long, slices of 
calc-silicate-bearing siliceous and carbonaceous rocks in the MOC. Given their heterogeneous 
compositional characteristics and strong deformation, these rocks are collectively called “calc-
silicate-bearing siliceous and carbonaceous mylonitic rocks”. Their spatial association with the 
ophiolite suggests that these rocks likely have formed in the process when the ophiolite migrated 
from intra-oceanic trench to the continental margin, representing fragments of Neoproterozoic 
ocean plate stratigraphy (cf., Kusky et al., 2013). Hence, they may share a close genetic 
relationship with the ophiolite and record the tectonic processes associated with the emplacement 
of the ophiolite. Therefore, in order to understand their origin and assess their significance for 
tectonothermal events in the Yangtze craton, we have conducted integrated field, petrographic, 
geochemical, zircon U–Pb geochronological, and Lu–Hf isotopic studies on these rocks. In 
addition, we report new Lu-Hf isotope data for the diabase, plagiogranite, and gabbros in the 
MOC and for the metasandstones, to gain new insights into the formation of sedimentary rocks 
spatially associated with the ophiolite complex. 
  
2. Geological setting 
   The Huangling dome is located in the north-central part of the Yangtze craton, and contains the 
oldest Precambrian metamorphic basement rocks in the craton (Fig. 1b; Ma et al., 1997; Gao et 
al., 1999; 2011; Qiu et al., 2000; Guo et al., 2014, and references therein). The Precambrian 
metamorphic rocks in the Huangling area are exposed mainly in the core section of the dome, 
and underwent poly-phase deformation resulting in the formation of several generations of 
foliation and lineations (Xiong et al., 2004; Ji et al., 2014). The basement rocks were 
unconformably overlain by roughly continuous Neoproterozoic to Jurassic sedimentary rocks 
(Ma et al., 2002). As a whole, the dome can be roughly divided into two segments (the northern 
and the southern segments) by the WNW–striking Wuduhe fault. The northern segment consists 
mainly of three lithological associations: (1) tonalitic, trondhjemitic and granodioritic (TTG) 
gneisses; (2) metapelitic-dominated sedimentary rocks; and (3) Paleoproterozoic granites (Gao 
and Zhang, 1990; Gao et al., 1999, 2011; Peng et al., 2012b). The southern segment is mainly 
composed of the Neoproterozoic Huangling granitoids and the Kongling Group (Ma et al., 1997). 
The latter can be further subdivided into three major suites: (1) grey granitic gneisses with few 
amphibolite lenses; (2) graphite and aluminous gneiss; and (3) mafic–ultramafic rocks. The third 
suite is dominated by metamorphosed dunite, harzburgite, layered and massive gabbros, massive 
diabase, basalt, sheeted dikes, plagiogranite, and a small amount of mylonites (Peng et al., 2010, 
2012a; Deng et al., 2012).  
Lithologies of the mafic-ultramafic suite (MOC) are similar to those of Phanerozoic 
ophiolites (Peng et al., 2010; 2012a; Dilek and Furnes, 2011; Kusky et al., 2013). Metagabbros 
and diabse dikes of the MOC are dated at ca. 1100-970 Ma by the LA-ICP-MS method, 
suggesting a Grenvillian-age for the ophiolite (Deng et al., 2012; Peng et al., 2012a). The 
geochemical and petrological features of the MOC, including typical U-shape REE patterns of 
the ultramafic rocks and podiform chromites in dunites, are consistent with a suprasubduction 
zone forearc setting (Li et al., 2002; Dilek and Furnes, 2011; Peng et al., 2012a). The transition 
zone from the MOC to the passive margin sequence, consisting mainly of Proterozoic 
metamorphosed carbonate-quartz sandstone-shale layers, is composed of flysch and wild-flysch 
units (Jiang et al., 2012; Peng et al., 2012a). The lithological and structural features of the flysch 
and wild-flysch sequences appear to be related to the MOC, suggesting that they formed during 
the emplacement of the MOC over the Yangtze craton (Jiang et al., 2012; Peng et al., 2012a). 
The geochronological data for the undeformed granitic pebbles in the flysch sequence suggest 
that the flysch and wild-flysch were deposited before 870 Ma (Peng et al., 2012a). Structural 
fabrics in the MOC suggest that it experienced strong ductile deformation that was followed by 
later intense brittle deformation (Peng et al., 2012a). 
This study focuses on the calc-silicate-bearing mylonitic siliceous and carbonaceous rocks 
and metasandstone associated with the MOC (Fig. 2a and b). The calc-silicate-bearing siliceous 
and carbonaceous mylonitic rocks occur mainly in the vicinity of Meizichang and Gucunping 
(Fig. 2d). They occur as up to 25 meters thick, fault-bounded, foliated tectonic slices within the 
strongly deformed basaltic unit of the ophiolite (Fig. 2d). Given that contacts between the 
mylonitic rocks and the spatially associated basalts are all sheared, the original relationship 
between these two rock types is currently unknown. The mylonitic metasandstone is exposed at 
the bottom of the thrust fault separating the MOC from the Paleoproterozoic gneisses and 
amphibolites and reach up to 10 meters in thickness near the Xiaoxikou area (Fig. 2c). In many 
outcrops, the calc-silicate-bearing siliceous and carbonaceous mylonitic rocks are characterized 
by black stripes consisting mainly of diopside, hornblende and biotite (Jiang et al., 2012; Peng et 
al., 2012a).  
 
3. Sampling  
Samples were collected from the least weathered outcrops in the MOC, Hubei province. 
Sixteen samples (six from siliceous layers and ten from carbonaceous layers) were collected 
from the Meizichang and Gucunping areas (Fig. 2a, d), and five samples, with relict sandstone 
layers, were collected from the mylonitic metasandstone in the Xiaoxikou area (Fig. 2a, c). In 
addition, two gabbro, one diabase and one plagiogranite samples were taken from the 
Meizichang and Xiaoxikou areas. Global Positioning System (GPS) coordinates for the samples 
are presented in Table 1.  
All sampled outcrops show well-developed foliation as reflected by a pronounced 
compositional banding (Fig. 3). The black stripes in calc-silicate-rich samples are composed 
mainly of 2 to 5 cm wide diopside, hornblende and biotite (Fig. 3a, b, c, d). Gabbro samples F2 
and 09M042 were taken from slightly and strongly deformed outcrops, respectively. The massive 
fine–grained diabase (F1) is cross cut by the massive coarse-grained gabbro (F2). Sample MW 
25–1 is a foliated plagiogranite collected from the sheeted dike complex that intrudes the 
diabasic dikes. The detailed description of the outcrops of the gabbro, diabase and plagiogranite 
samples, and their petrographic and geochemical characteristics are given by Peng et al. (2012a) 
and Deng et al. (2012).   
 
4. Petrography 
The calc-silicate-bearing siliceous rocks show crystalloblastic texture, and are composed 
predominantly of quartz (75–85%), diopside (5–7%), hornblende (1–2%), calcite (4–6%) and 
garnet (occurs as porphyroblast, 2–3%), with small amounts of zoisite (1%), biotite (1%), and a 
little magnetite (Fig. 3e). The quartz grains are generally smaller than 1 mm in size and display 
subhedral to anhedral crystal shapes, and most of them exhibit a weak alignment along the 
foliation plane and undulatory extinction. The diopside and hornblende both have a preferred 
shape orientation (Fig. 3e). The garnet is compositionally almandine.  
The calc-silicate-bearing carbonaceous rocks have a light green color and is composed of 
calcite (70–80%), diopside (10–15%), quartz (3–4%), hornblende (3–4%), biotite (1–2%), zoisite 
+ sericite + plagioclase (3%), with minor titanite and magnetite (Fig. 3f). Calcite grains are 
smaller than 0.5 mm and aligned parallel to foliation plane. It is characterized by a fine–grained 
granoblastic texture and a banded structure. The light green bands chiefly include calcite and 
quartz.  
The mylonitic metasandstone is composed mainly of quartz (55–60%), K–feldspar (10–
15%), hornblende (10–12%), plagioclase (8–10%) and biotite (5–7%), with minor amounts of 
porphyroblastic garnet, diopside and accessory minerals, such as magnetite, titanite and zircon 
(Fig. 3g, h). The quartz is fine–grained, and exhibits undulatory extinction and well–developed 
subgrains. The K–feldspar and plagioclase are extensively kaolinized and sericitized, 
respectively. Diopside is anhedral and coexists with hornblende (Fig. 3h). 
 
5. Analytical methods 
All mylonitic rock samples were analyzed for major and trace element compositions. 
Zircons from samples 11MZ–10 and 11MZ–09 were analyzed for U–Pb dating and Lu–Hf 
isotopes. In addition, previously dated zircons from two gabbro (F2 and 09M042), one diabase 
(F1) and one plagiogranite (MW 25–1) samples were analyzed for Lu–Hf isotope systematics. 
 
5.1. Whole–rock major and trace element analyses 
Fresh, homogeneous samples were pulverized using an agate ring mill to less than 200 
meshes for whole–rock major and trace element analyses. Analyses of major and trace elements 
were conducted at the Hubei Geological Research Laboratory and the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geosciences, Wuhan, 
respectively. Major elements were analyzed by a wet chemical method using GB/T 14506.28–
1993 standard. Trace elements were analyzed by an ICP–MS in the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geosciences, Wuhan, 
following the protocols of Liu et al. (2008). International standards AGV–2, BHVO–2, BCR–2, 
RGM–1 and GSR–1 were used as reference materials to estimate analytical accuracy and 
precision.  
 
5.2. Zircon U–Pb dating  
Uranium–Pb dating and trace element analyses of zircon grains were conducted 
synchronously by LA–ICP–MS at the State Key Laboratory of Geological Processes and Mineral 
Resources, China University of Geosciences, Wuhan. Laser sampling was performed using a 
GeoLas 2005. An Agilent 7500a ICP–MS instrument was used to acquire ion–signal intensities. 
Each analysis incorporated a background acquisition of approximately 20–30 s (gas blank) 
followed by 50 s data acquisition from the sample. The Agilent Chemstation was utilized for the 
acquisition of each individual analysis. Off–line selection and integration of background and 
analyze signals, and time–drift correction and quantitative calibration for trace element analyses 
and U–Pb dating were performed with ICPMSDataCal (Liu et al., 2008).  
Zircon 91500 was used as external standard for U–Pb dating, and analyzed twice for every 5 
analyses. Time–dependent drifts of U–Th–Pb isotopic ratios were corrected using a linear 
interpolation (with time) for every five analyses according to the variations of 91500 (i.e., 2 
zircon 91500 + 5 samples + 2 zircon 91500) (Liu et al., 2010). Concordia diagrams and weighted 
mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003).  
 
5.3. Zircon Lu–Hf isotope analyses 
In situ zircon Lu–Hf isotope measurements were carried out on a Neptune Plus MC–ICP MS 
(Thermo Fisher Scientific, Germany), in combination with the GeoLas 2005 in the State Key 
Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, 
Wuhan. Detailed operating conditions for the laser ablation system and the MC–ICP–MS 
instrument and data calibrating and processing were described by Hu et al. (2012). The 
interference of 176Lu on 176Hf was corrected by measuring the intensity of the interference–free 
175Lu isotope, using the recommended 176Lu/175Lu ratio of 0.02656 (Blichert–Toft et al., 1997) to 
calculate 176Lu/177Hf ratios. Similarly, the isobaric interference of 176Yb on 176Hf was corrected 
by using the recommended 176Yb/173Yb ratio of 0.7962 (Chu et al., 2002) to calculate176Hf/177Hf 
ratios. The obtained 176Hf/177Hf ratios using this technique are 0.2822905±0.0000035 (1σ, 
MSWD = 2.6, n = 89) for 91500, 0.282019±0.000004 (1σ, MSWD = 4.5, n = 87) for GJ–1. 
These results are identical, within 2σ, with the recommended 176Hf/177Hf ratios for 91500 
(0.2823075±58, 2σ) (Griffin et al., 2006; Wu et al., 2006) and GJ–1 (0.282015±0.000019, 2σ) 
(Elhlou et al., 2006). 
 
6. Results  
6.1. Major and trace elements  
The major and trace element compositions for the analyzed samples are presented in Table 
1, and the whole-rock compositions of the gabbro, diabase and plagiogranite samples were 
reported in Peng et al. (2012a) and Deng et al. (2012).   
The calc-silicate-bearing siliceous rocks from the Meizichang and Gucunping areas exhibit 
considerable variation in SiO2 (73.37–93.83 wt.%) and Al2O3 (0.27–10.69 wt.%) contents, with 
wide ranges of MgO (0.28–3.86 wt.%), Fe2O3 (0.32–4.73 wt.%), CaO (1.34-6.26%), Na2O 
(0.01–1.69 wt.%) and K2O (0.06–3.35 wt.%). The calc-silicate-bearing carbonaceous samples 
from the Meizichang area display larger variation in SiO2 (19.15–56.71 wt.%) and Al2O3 (0.72–
14.28 wt.%) contents, and higher MgO (0.48–4.35 wt.%), Fe2O3 (0.74–8.57 wt.%), CaO (14.50-
43.11%), Na2O (0.13-3.44%) and K2O (0.55–2.28 wt.%) contents than those of siliceous 
counterparts. On a chondrite–normalized diagram, the siliceous rocks show large variations in Eu 
anomalies (Eu/Eu*=0.58–1.61) and moderate variations in Ce anomalies (Ce/Ce*=0.70–0.99), 
and display enriched LREE and variably fractionated HREE patterns (La/Smn=1.50–2.78; 
Gd/Ybn=0.87–1.66) (Fig. 4a). The majority of carbonaceous samples display negative Eu 
anomalies (Eu/Eu*=0.66–0.97; sample 13MWAP–41=1.05) and slightly negative Ce anomalies 
(Ce/Ce*=0.75–0.95). On the chondrite–normalized diagram, they display variably fractionated 
REE patterns (La/Smn=2.74–3.76; Gd/Ybn=1.18–1.97) (Fig. 4c). Both the siliceous and 
carbonaceous mylonites are characterized by enrichment of large ion lithophile elements (Rb, 
Ba, Th), but depletion of high field strength elements (e.g., Nb, Ti) (Fig. 4b, d). 
The mylonitic metasandstones from the Xiaoxikou area show moderate variations in SiO2 
(58.39–68.23 wt.%), Al2O3 (11.38–13.59 wt.%), Fe2O3 (4.13–6.21 wt.%), MgO (2.72–3.18 
wt.%), Na2O (1.51-2.97 wt.%) and K2O (1.45–6.52 wt.%), with a wide range of CaO (4.46-
15.42 %wt.). On a chondrite–normalized diagram, they exhibit negative Eu anomalies (Eu/Eu*= 
0.65–0.84), except sample 13XX–01 (Eu/Eu*=1.96), and show minor Ce anomalies 
(Ce/Ce*=0.96–1.10), and LREE enriched patterns with a variably fractionated HREE 
(La/Smn=2.37–3.80; Gd/Ybn=1.13–2.20) (Fig. 4e). They also show enrichment of large ion 
lithophile elements (Rb, Ba, Th) and depletion of high field strength elements (e.g., Nb, Ti) (Fig. 
4f).  
 
6.2. Zircon ages and Hf isotopes of detrital zircons 
   The cathodoluminescence (CL) images of representative zircons from samples (11MZ–10) and 
11MZ–09 are presented in Figs. 5 and 6, respectively. Zircon ages and Hf isotopic compositions 
are shown in Table 2 and Table 3, respectively. The isotope data and ages of zircon grains listed 
in Table 2 were corrected by using the ICP-MS Data Calculation software for excluding the 
influence of high common lead concentrations (Liu et al., 2010).  
 
6.2.1. Sample 11MZ–10 (calc-silicate-bearing siliceous rock) 
    Zircon grains from sample 11MZ-10 have a yellowish color, and are mostly subhedral to 
anhedral. They range from 150 × 70 µm to 45 × 20 µm. In the CL images, the majority of 
zircons show distinct core–rim structures (Fig. 5), and Th/U ratios of the zircons’ cores and rims 
are 0.12–1.41 and 0.11–0.84, respectively. On the basis of morphology and CL images, the cores 
are divided into two types: (a) Type–1 cores have a narrow oscillatory zoning, and rims of this 
type have narrow width and clearly straight boundary with cores; and (b) Type–2 cores have a 
relatively wide oscillatory zoning and white to gray rims with size of 40–10 µm. A small number 
of zircons do not exhibit core and rim structures in the CL images.  
Thirty–seven spots in zircons from sample 11MZ–10 have been dated, including twenty–two 
rims and fifteen cores (Table 2). Five spots of the twenty–two rims (11MZ–10–07r, 11MZ–10–
09r, 11MZ–10–14r, 11MZ–10–34r and 11MZ–10–44r) yielded 206Pb/238U ages of 811±15 Ma, 
791±11 Ma, 839±13 Ma, 857±13 Ma and 828±11 Ma, respectively, providing a mean age of 
824±32 Ma (MSWD=4.4) (Fig. 7a). Four spots of the twenty–two rims (11MZ–10–05r, 11MZ–
10–31r, 11MZ–10–32r and 11MZ–10–40r) have yielded 206Pb/238U ages of 1278±38 Ma，
1005±10 Ma，1099±21 Ma and 1147±22 Ma, respectively. The ages of the 13 remaining rims 
all plot near the concordant curve, yielding a 206Pb/238U mean age of 942±12 Ma (MSWD=2.0) 
(Fig. 7a). Five spots of the fifteen cores (11MZ–10–08c, 11MZ–10–13c, 11MZ–10–28c, 11MZ–
10–29c and 11MZ–10–39c) have yielded 206Pb/238U ages of 834±12 Ma, 897±19 Ma, 806±10 
Ma, 833±13 Ma and 715±8 Ma, respectively. Among these cores, four grains yielded a mean age 
of 830±50 Ma (MSWD=6.4) (except the data 715±8 Ma). The 206Pb/238U ages of the remaining 
10 cores range from 967 Ma to 1105 Ma, and all plot proximal to the Concordia, yielding a mean 
age of 1009±33 Ma (MSWD=10.4) (Fig. 7a). 
Six spots in the cores were analyzed for Lu–Hf isotopic compositions. The 176Hf/177Hf ratios 
have a wide range (0.282264–0.282547) (Table 3). From the Hf isotope analytical results, it is 
evident that all zircon grains with the U–Pb ages of around 1009 Ma have positive εHf (t) values 
ranging from +2.61 to +14.08 (Fig. 8a), and Hf depleted mantle model ages are varies from 984 
to 1456 Ma.  
 
6.2.2. Sample 11MZ–09 (calc-silicate-bearing carbonaceous rock) 
The zircons from sample 11MZ-09 are mostly yellowish to brown, and subhedral to 
anhedral. They range from 120 × 60 µm to 40 × 30 µm. In CL images, the majority of zircon 
grains show distinct core–rim structures that are similar to those of the sample 11MZ-10 (Fig. 6). 
The Th/U ratios of the cores and rims are 0.18–0.93 and 0.26–0.87, respectively. Twenty–nine 
rims and nineteen cores of the zircons from sample 11MZ–09 were analyzed (Table 2). All rims 
plot near Concordia, yielding 206Pb/238U ages of 1052±19 Ma (MSWD = 6.9) and 935±12 Ma 
(MSWD = 1.1) (Fig. 7b). Eighteen of the cores yielded 206Pb/238U ages ranging from 1011 Ma to 
1095 Ma, providing an average age of 1054±13 Ma (MSWD=3.3) (Fig. 7b), except one spot 
(11MZ–09–20c) with a 206Pb/238U age of 974±14 Ma. 
Analyses of Lu–Hf isotopes were conducted on the twelve of the dated spots. The 
176Hf/177Hf ratios range from 0.282392 to 0.282536 (Table 3). These cores have large positive εHf 
(t) values from +9.20 to +11.88, with an average value of +10.8±0.7 (MSWD = 1.4) (Fig. 8b). 
Hafnium depleted mantle model ages vary between 1111 and 1215 Ma. 
 
 
6.3. Hf isotopes of gabbros, diabase and plagiogranite 
The CL images of zircons from the gabbros, diabase and plagiogranite in the MOC show a 
typical magmatic origin that is further supported by their high Th/U ratios (> 0.2) (Deng et al., 
2012; Peng et al., 2012a). The massive diabase (F1) and  plagiogranite (MW 25–1) samples are 
dated at 978±12 Ma and 1049±23 Ma, respectively, however, the massive gabbro sample (F2) 
and strongly deformed gabbro sample (09M042) formed 1001±16 Ma and 1118±24 Ma, 
respectively (Deng et al., 2012; Peng et al., 2012a). Detailed description of CL images and 
formation ages of the magmatic zircons from the gabbros, diabase and plagiogranite in the MOC 
is given in Peng et al. (2012a) and Deng et al. (2012). In this paper, we present the Lu–Hf 
isotopic compositions of zircons from these rocks.  
Analyses of Lu–Hf isotopes were conducted on the twelve of dated spots in the massive 
diabase sample (F1). The 176Hf/177Hf ratios range from 0.282509 to 0.282565 (Table 3). These 
zircons have large positive εHf (t) values between +11.9 and +13.5, having an average value of 
12.7±0.5 (MSWD=0.56) (Fig. 8c).  
Analyses of 10 spots in zircons from the plagiogranite sample MW 25–1 have yielded a 
relatively narrow range of initial 176Hf/177Hf ratios from 0.282535 to 0.282641 (Table 3), 
resulting in εHf (t) values between +13.2 and +17.0, with an average value of 14.3±0.6 
(MSWD=0.91) (Fig. 8d).  
 In the massive gabbro sample F2, the 176Hf/177Hf ratios of twelve isotope analyses range 
from 0.282487 to 0.282555 (Table 3). The zircons have also large positive εHf (t) values (+11.9 to 
+13.8), with an average value of 12.7±0.5 (MSWD=0.53) (Fig. 8e).  
Eleven Lu–Hf analyses of zircons from the strongly deformed gabbro sample 09M042 
yielded initial 176Hf/177Hf ratios between 0.282489 and 0.282653 (Table 3). The εHf (t) values are 
of +12.8 to +17.4, displaying an average value of 13.9±0.8 (MSWD=1.4) (Fig. 8f).  
 
7. Discussion 
7.1. Metamorphic alteration and the protoliths of the siliceous and carbonaceous rocks 
Mineral assemblages in calc-silicate-bearing siliceous (quartz + diopside + garnet ± 
tremolite ± calcite ± hornblende), calc-silicate-bearing carbonaceous (calcite + diopside + quartz 
+ hornblende ± biotite ± plagioclase) rocks and metasandstone (plagioclase + quartz + diopside + 
hornblende + garnet ± magnetite) indicate that these rocks underwent up to upper amphibolite 
facies metamorphism (cf., Sang et al., 2002). Although the mineralogical composition of 
sedimentary rocks can be largely preserved up to the amphibolite facies metamorphism 
(Munyanyiwa and Hanson, 1988), the absence of primary sedimentary textures in the calc-
silicate-bearing siliceous and carbonaceous rocks indicate that they have been totally 
recrystallized during metamorphism and deformation (cf., Ordóñez-Calderón et al., 2008, 2009). 
Sedimentary textures are only locally preserved in the mylonitic metasandstone.  
The presence of abundant calc-silicate minerals in all three types of rocks (Fig. 4) is 
consistent with significant chemical changes to these rocks. The following geochemical 
observations are consistent with mobility of many elements in the analyzed samples: (1) many 
major and trace elements display extreme variations, up to over ten-fold for some elements, in 
each rock type; (2) there are no good correlations among many elements (not shown) in each 
rock type; and (3) the presence of large negative to positive Ce (Ce/Ce*=0.71-1.12) and Eu 
(Eu/Eu*=0.58-1.96) in many samples (Table 1) (see Polat and Hoffman, 2003; Polat et al., 2008). 
Accordingly, elements that are susceptible to alteration during high-grade metamorphism and 
intense calc-silicate metasomatism, including Si, Ca, Na, K, Ba, Mg, Fe, Rb, Sr, Pb, Ce, Eu, Cr 
cannot be reliably used for characterizing the protoliths of the siliceous and carbonaceous 
mylonites in the MOC (cf., Ordóñez-Calderón et al., 2008, 2009). Given the high degree of 
metamorphic recrystallization and metasomatic alteration, the origin (protoliths) of calc-silicate-
bearing siliceous and carbonaceous mylonitic rocks is unclear. On the basis of field and 
petrographic observations, we speculate that they might have originated through two possible 
processes: (1) they were precipitated from siliceous and carbonaceous fluids migrating along 
thrust faults developed in the basaltic unit of the MOC; and (2) they represent relicts of deformed 
and metasomatized cherts and limestone, respectively, deposited on the basaltic crust in 
Neoproterozoic ocean floor. The presence of detrital zircons in these rocks is more consistent 
with the second process.  
 
7. 2. Weathering characteristics and provenance of the metasandstone 
The siliceous and carbonaceous rocks in the MOC have undergone strong metasomatic 
alteration that erased their primary mineralogical and chemical compositions to a large extent, 
suggesting that their compositions would not reflect primary weathering characteristics and 
provenance. Therefore, the weathering characteristics and provenance of only the metasandstone 
are discussed here. Both Chemical Index of Alteration (CIA = Al2O3/(Al2O3 + CaO + K2O + 
Na2O) and Index of Compositional Variability (ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + 
TiO2)/Al2O3) provide useful measures to determine compositional maturity of siliciclastic 
sedimentary rocks (McLennan et al., 1993; Cox et al., 1995; Bhat and Ghosh, 2001). The 
metasandstone has low CIA values (3–51, average=28), indicating a low degree of chemical 
weathering (Wu et al., 2012). In contrast, it tends to have high ICV values (1.3–74.9), consistent 
with its formation as immature, first-cycle sediment in a tectonically active setting (c.f., Cox et 
al., 1995; Wang et al., 2013b). 
Aluminum shows substantial variations in sedimentary rocks, but commonly behaves as an 
immobile element during metamorphic processes (Munyanssyiwa and Hanson, 1988). Therefore, 
it is commonly used as an index element in weathering and provenance studies (Taylor and 
McLennan, 1985; Rollinson, 1993). High contents of SiO2, MgO, Fe2O3* and Al2O3 in the 
metasandstone are consistent with mafic to felsic rock sources. Generally, high field strength 
elements (HFSE), such as Th, Zr and REE could have remained immobile under high-grade 
metamorphism and strong alteration conditions (Barnes et al., 1985; Zhao et al., 2007), even 
including  amphibolite facies metamorphism (Peng et al., 2012a). In addition, Sc shows good 
linear relationship with immobile element Zr (not shown), suggesting that these immobile 
elements (e.g., Th, Zr and Sc) in the metasandstone reflect their source characteristics. On Th–
Sc–Zr/10 and La–Th–Sc diagrams, the metasandstone plots between continental arc and oceanic 
island arc fields (Fig. 10). Collectively, on the basis of field and geochemical observations, we 
suggest that it was deposited during the emplacement of the MOC onto the Yangtze craton and 
derived from mixed sources including the overlying allochthonous ophiolite and the underlying 
autochthonous northern margin of the Yangtze craton. 
 
7.3. Deposition and metamorphism ages of siliceous and carbonaceous rocks 
7.3.1 Depostion age of the siliceous and carbonaceous rocks 
Ages of detrital zircons can provide tangible constraints on the maximum depositional age 
for Precambrian sedimentary sequences (Andersen, 2005; Long et al., 2007). Detrital zircons in 
the calc-silicate-bearing siliceous and carbonaceous rocks show apparent core-rim structures 
(Fig. 5). The zircon cores have oscillatory zoning and high Th/U ratios that are consistent with a 
magmatic origin (Wu and Zheng, 2004), and show euhedral–subhedral shapes with sharp edge 
features, indicating that the zircons experienced a short distance of transportation from original 
sources.  
The 206Pb/238U age populations of zircon cores from the siliceous rocks can be divided into 
two groups (Fig. 7a). Group 1 zircons have older ages ranging from 967 to 1105 Ma (Mean = 
1009±33 Ma) that is interpreted to be the maximum depositional age for the siliceous rocks. 
However, group 2 has younger ages ranging from 715 to 897 Ma (Mean = 830±50 Ma, except 
the data 715±8 Ma). The Group 2 zircons show typical core-rim structure  excluding 
matamorphic origin of the zircon cores of ca. 830 Ma. After all, there is no obvious evidence that 
the Yangtze craton underwent high-grade metamorphism during the mid-Neoproterozic to early-
Paleozoic. Therefore, we interpret the Group 2 zircon cores with younger ages to be 
representative of Pb loss during the subsequent metamorphism. Zircon cores from the 
carbonaceous rocks yielded 206Pb/238U ages between 974 and 1095 Ma (Mean =1054±13 Ma, 
except the data 974±14 Ma) (Fig. 7b) that is also interpreted to be the maximum depositional age 
for these rocks. A large number of detrital zircons with similar ages have been reported in the 
Neoproterozoic strata of the Yangtze craton (Duan et al., 2012); however, these zircons are also 
clustered in age ranges of ca. 2.5 Ga and ca. 2.0 Ga (Wang et al., 2013a), which are different 
from the detrital zircons of the siliceous and carbonaceous rocks in the MOC, implying that the 
clastic material in these rocks were mainly derived from juvenile sources distal from the ancient 
continent sources. 
 
7.3.2 Time of metamorphism recorded in the siliceous and carbonaceous rocks 
Although the majority of zircons of siliceous and carbonaceous show distinct core–rim 
structures in the CL images, some of the zircon rims show a patch of weak nebulous oscillatory 
zoning (Fig. 5, 6). We propose that these rims might have just undergone loss of trace elements during 
metamorphic recrystallization.(Pidgeon et al., 1998), resulting in high Th/U ratios (>0.1) on account 
of disequilibrium distribution coefficient and still preserving the weak oscillatory zoning (Speer, 
1982).  
The 206Pb/238U age population of the zircon rims from the siliceous rocks can be divided into 
three groups (Fig. 7a). Group 1 is characterized by the oldest ages ranging from 1005 to 1278 Ma. We 
interpret the zircons  ages > 1000 Ma as product of incomplete recrystallization during a tectonothermal event   
associated with emplacement of the MOC and associated metasedimentary rocks onto the Yangtze craton (cf., 
Wu and Zheng et al., 2004; Peng et al., 2012a); therefore, these old ages are considered not meaningful and can 
not be used to represent a metamorphic event.Group 2 has the age of 942±12 Ma that is interpreted to 
represent the time peak metamorphism when the siliceous rocks underwent amphibole facies 
metamorphism. Group 3 is the youngest age of 825±32 Ma that is similar to those of the 
Neoproterozoic volcanic rocks in the Yangtze craton (Ma et al., 2002; Zhang et al., 2009, 2013; 
Wei et al., 2012). As described above, there is no obvious evidence that the Yangtze craton has 
underwent high-grade metamorphism during mid-Neoproterozic to early-Paleozoic times. 
Therefore, the youngest age of 825±32 Ma of the siliceous rock is possibly not related to a 
metamorphic event. However, a mass of Neoproterozoic volcanic rocks dated at ca. 830-820 Ma 
in the Yangtze craton were reported (Ma et al., 2002; Zhang et al., 2009, 2013; Wei et al., 2012). 
Therefore, we propose that the Group 3 zircon rims with a ca. 825 Ma age could have been 
disturbed by a Neoproterozoic magmatic event in the Huangling anticline. Similarly, Li et al., 
(2009a) reported that the younger ages of paragneisses than the their maximum deposition age in 
the Eastern Segment of the Central Tianshan Tectonic Zone are attributed to the disturbance of a 
subsequent magmatic event. 206Pb/238U ages of the zircon rims from the carbonaceous rock can 
be divided into two groups (Fig. 7b). Group 1 has an average age of 935±12 Ma that is 
interpreted to be the time of peak metamorphism. Group 2 display an average age of 1052±18 
Ma. We interpret the zircons with the ages >1000 Ma as representing incomplete recrystallization 
during collision between the Yangtze craton and Shennongjia arc (cf., Wu and Zheng et al., 2004; 
Peng et al., 2012a).  Accordingly, these ages are not meaningful and cannot be used to represent 
a metamorphic event. Therefore, the two metamorphic ages (942±12 Ma and 935±12 Ma) 
suggest that the peak metamorphism of the metasedimentary rocks associated with the MOC 
occurred during an early Neoproterozoic collision in the Yangtze craton (Fig. 7).  
Recently, Wu et al. (2012) reported ca. 2.0 Ga gray gneisses with characteristics of calc–
alkaline granitoids in the Houhe Complex in the northwestern Yangtze craton, and proposed that 
the amalgamation of the Yangtze craton may have resulted from an arc–continental collision 
event between the western micro–continent and the eastern part of the craton. Dong et al. (2013) 
recognized an ancient subduction zone underneath the eastern Sichuan Basin in the core area of 
the Yangtze craton on the basis of preliminary data results of the South China deep seismic 
reflection profile. Thus, a number of lines of evidence show that the Yangtze craton was 
composed of heterogeneous blocks in the Proterozoic Era, and may have experienced multiple 
subduction-collisional events. Considering the metamorphic ages in the Yangtze craton that have 
been reported so far, it is proposed that the youngest 942–935 Ma ages could represent the latest 
amalgamation time of the Precambrian basement of the Yangtze craton. 
 
7.4. Tectonic settings 
The MOC is interpreted to have formed at a mid-ocean ridge setting at ca. 1.13 Ga (Fig. 
12a), and  then it was converted to a forearc tectonic setting above a north-dipping subduction 
zone following the initiation of the intra-oceanic subduction (Fig. 12a; Peng et al., 2012a). 
Meanwhile, juvenile oceanic crust was scrapped off from the former subduction slab and 
preserved in the accretionary wedge that became the main detrital source of the siliceous and 
carbonaceous rocks associated with the MOC (Fig. 12b). The geochemical and geochrological 
data for the siliceous and carbonaceous rocks and metasandstone allow for the refinement of the 
tectonic setting and emplacement history of the MOC. Based on the presence of detrital zircon 
grains, the protoliths of the siliceous and carbonaceous rocks are interpreted to have been 
deposited on the basaltic oceanic crust as cherts and pelagic carbonates during the transportation 
of the ophiolite from the intra-oceanic forearc setting to the margin of the Yangtze craton. The 
967-1105 Ma and 1011-1095 Ma magmatic detrital zircon ages of the siliceous and carbonaceous 
rocks, respectively, agree with the age of the MOC, suggesting that these rocks were deposited as 
syn-tectonic sediments. Moreover, the overwhelming majority of initial εHf(t) values (+7.40 to 
+14.08) and model ages (984 to ~1254 Ma) of zircons from these metasedimentary rocks are 
similar to those of the mafic rocks and plagiogranites in the MOC (Zheng et al., 2007; Peng et 
al., 2012a), but different from the highly variable εHf(t) values (-24.0 to +0.3) of volcanic 
zircons from andesitic rocks in the Shennongjia Group (Qiu et al., 2013), indicating that the 
overriding ophiolite or contemporaneous oceanic island arc was the main source of the detrital 
grains in the siliceous and carbonaceous rocks (Fig. 11; Fig. 12b, c). Accordingly, it is proposed 
that the protoliths of the calc-silicate-bearing siliceous and carbonaceous rocks were deposited 
on the oceanic crust as syn-tectonic pelagic sediments in a forearc setting and derived mainly 
from the MOC.    
The cross-section of the basal thrust belt of the MOC shows that the metasandstone is 
located to the south of the basal thrust of the MOC and its tectonic setting is in a foredeep basin 
(Jiang et al., 2012). Geochemical data suggest that the sandstone has composite immature 
sources and likely have formed in a tectonically active setting. Moreover, it was derived from 
mixed sources of old detritus and young materials. Accordingly, we propose that the protolith of 
the metasandstone in the MOC was mainly eroded from the overriding ophiolite and the 
underlying Yangtze craton during emplacement of the ophiolite over the passive margin of the 
Yangtze craton (Fig. 12d) (Peng et al., 12a), and then the ophiolite and associated sedimentary 
rocks underwent deformation and metamorphism 
 
7.5. Tectonic significance 
The Jiangnan orogenic belt, separating the Yangtze craton from the Cathaysian block and 
marking the southeastern margin of the Yangtze craton, was thought to be a part of a Grenvillian-
aged orogen (1200–950 Ma) (Li et al., 1995; Li and Mu et al., 1999). However, recent studies 
have shown that the collision time between the Yangtze craton and the Cathaysia block is 320–
160 Ma younger than the classic Grenville orogen in North America (1200–950 Ma) (Shu et al., 
1993; Zhao et al., 2011). In addition, it was shown that the grade of metamorphism in the 
Jiangnan orogenic belt is generally lower greenschist facies, which does not correspond to the 
typical high-grade metamorphism recorded in the Grenvillian-aged orogens resulting in the 
amalgamation of Rodinia (Rivers et al., 1997; Zhou et al., 2008).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
The geological record in the northern Yangtze craton provides evidence for late 
Mesoproterozoic arc magmatism, and the time frame of this magmatism overlaps with the 
Grenvillian-aged orogens (Fig. 13) (see Ling et al., 2003; Qiu et al., 2011; Li et al., 2013). In 
addition, recognition of the ca. 1.0 Ga MOC provides strong evidence for the existence of a late 
Mesoproterozoic to early Neoproterozoic ocean basin. The closure of this basin finally resulted 
in the formation of a suture zone within the Yangtze craton in which the sediments and the mafic-
ultramafic rock units of the MOC are accreted and imbricated, accompanying the formation a 
basal thrust (Fig. 13).. This is also consistent with the recognition of an ancient subduction zone 
underneath the eastern Sichuan Basin in the core area of the Yangtze craton (Dong et al., 2013). 
A record of the subduction zone processes in the Yangtze craton between the Shennongjia and 
Huangling areas has also been documented by field and Nd isotopic studies (Bai et al., 2011).  
The 942–935 Ma zircon rim ages in the siliceous and carbonaceous rocks are interpreted as 
reflecting the early Neoproterozoic collision and accretion event in the north-central part of the 
Yangtze craton. However, the NE Jiangxi ophiolite in the southeastern margin of the Yangtze 
craton underwent only a blueschist facies metamorphism, and the metamorphic age is dated as 
866±14 Ma measured by the hornblende K–Ar method (Shu et al., 1993; Gao, 2001). Therefore, 
the metamorphic grade and age in the MOC are more consistent with the Grenvillian-aged 
orogenic events (1200–950 Ma) in comparison to the NE Jiangxi ophiolite belt. Accordingly, it is 
proposed that the collision event in south China marked the assembly of the Rodinia 
supercontinent and is recorded by the metamorphic events in the MOC and Shennongjia arc 
along the northern part of the craton, rather than in the Jiangxi ophiolite located at the Jiangnan 
orogenic belt (Peng et al., 2012a; Qiu et al., 2011; Bader et al., 2013). 
 
8. Late Mesoproterozoic to Neoproterozoic evolution of the Yangtze craton  
Recognition of the ca. 1.0 Ga MOC in the Yangtze craton suggests that a subduction–
collision process was active at this time period (Peng et al., 2012a). New geochronology and 
petrographic data from the metasedimentary rocks in the MOC suggest that the ophiolite 
underwent amphibolite facies metamorphism between 942 and 935 Ma, indicating that the 
Yangtze craton evolved into a collisional orogen. Subsequently, post–orogenic extensional 
tectonic processes resulted in addition of voluminous late Neoproterozoic granitoids to the 
craton (Li et al., 2003, 2010；Zhou et al., 2006). It is suggested that these early Neoproterozoic 
granitic intrusions not only provided the source for sedimentary basins in the Yangtze craton 
(Zhou et al., 2009；Duan et al., 2012), but also they might have caused partial melting of older 
crustal rocks (Zhang et al., 2009). We suggest that the Neoproterozoic granitoid rocks in the 
Yangtze craton originated during a post–orogenic extensional tectonic event before 820 Ma 
(Zhou et al., 2002). 
Previous studies on the southeastern Yangtze craton have shown that the subduction-
collision processes that resulted in formation of the Jiangnan orogenic belt took place between 
980 Ma and 860 Ma (Shu et al., 1993; Li et al., 1994, 2008, 2009b; Wang et al., 2008), or even 
later (Ding et al., 2008; Zhang et al., 2012). The location of the MOC in the Yangtze craton also 
records subduction–collisional events, occurring between 1120 and 940 Ma (Qiu et al., 2011; 
Peng et al., 2012a; this study). This is important because it suggests that the location of the 
Yangtze craton in which the MOC is located may had collided with the Shennongjia arc at least 
ca. 100 Ma earlier than the collision between the Yangtze craton and Cathaysia block. 
Therefore, the Precambrian basement in the South China is assumed to record orogenic events  
including collision of heterogeneous continental blocks and arcs, which accreted from north to 
south in the Mesoproterozoic and Neoproterozoic (Fig. 13) (Peng et al., 2012a; Wu et al., 2012; 
Chen et al., 2013). In conclusion, the Yangtze craton not only grew laterally, but also thickened 
vertically within this period (Zhou et al., 2012). 
 
9. Conclusions 
On the basis of new petrographic, major and trace element data, U–Pb zircon ages, and Lu–
Hf isotope data from the calc-silicate-bearing siliceous and carbonaceous mylonitic rocks, 
metasandstones, gabbros, diabase and plagiogranite in the Miaowan ophiolite complex (MOC), 
the following conclusions are drawn for the evolution of the ophiolite complex and spatially 
associated rocks: 
(1) The calc-silicate-bearing siliceous and carbonaceous mylonitic rocks are exposed along a 
thrust fault within the basalt unit of the MOC. On the basis of field and geochemical data, we 
suggest that the protoliths of these rocks were deposited as pelagic chert and carbonate, 
respectively, during the formation of the ophiolite in a forearc setting. In contrast, the protolith 
of mylonitic metasandstone located between the ophiolite and passive margin sequence of the 
Yangtze craton was deposited as syn-tectonic siliclastic sediment during the emplacement of 
the ophiolite onto the Yangtze craton and derived from both the overriding allochthonous 
ophiolite and the underlying autochthonous passive continental margin of the Yangtze craton 
(2) LA–ICP–MS zircon U–Pb dating suggests ca. 1009 Ma and ca. 1054 Ma depositional ages for 
the siliceous and carbonaceous rocks, respectively. Mineral assemblages and metamorphic 
overgrowth in the zircon rims indicate that these rocks underwent amphibolite facies 
metamorphism between 942 and 935 Ma. These ages provide, for the first time, evidence for 
early Neoproterozoic amphibolite facies metamorphism in the Yangtze craton，indicating 
that there was an early Neoproterozoic orogeny that extended about 200 km north to the 
present northern margin of the Yangtze craton. 
(3) The Yangtze craton is likely composed of a series heterogeneous tectonic blocks, and the 942 
Ma-935 Ma event represents the latest amalgamation time to generate the formation of the 
primary Precambrian Yangtze craton, and also represents the time of the collision between 
the Yangtze protocratonic blocks with the supercontinent Rodinia. 
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Figure captions  
Fig. 1. (a) A simplified tectonic map of China (Qiu et al., 2011). (b) Geological map of the 
Huangling dome in the Yangtze craton. Modified after (BGMRHP, 1991; Peng et al., 2012b).  
 
Fig. 2. (a) Geological map and (b) cross-section of the MOC and sample location. Map modified 
after (Peng et al., 2010, 2012a). (c) Cross section of the basalt thrust belt of the MOC. Modified 
after Jiang et al. (2012). (d) The calc-silicate-bearing siliceous and carbonaceous rocks profile 
located in Meizichang area. 
 
Fig. 3. Field and microscopic photos of the mylonitic metasedimentary rocks in the MOC. (a) 
banded calc-silicate-bearing carbonaceous rock, (b) banded calc-silicate-bearing siliceous rock, 
(c) banded mylonitic metasandstone, (d) polished sample shows the siliceous and carbonaceous 
strips, (e) diopside band and zigzag structure in the calc-silicate-bearing siliceous rock (cross 
polarized light), (f) calc-silicate-bearing carbonaceous rock (corss polarized light), (g) 
hornblende and biotite bands in the mylonitic sandstone (plane polarized light), (h) diopside was 
retrograded into hornblende in the mylonitic sandstone (plane polarized light). Qtz = Quartzite; 
Di = Diopside; Bt = Biotite; Cc = Calcite; Hb = Hornblende; Pl = Plagioclase.   
 
Fig. 4. Chondrite–normalized rare earth element diagrams and primitive mantle– normalized 
spidergrams for the mylonitic metasedimentary rocks in the MOC. Chondrite– and primitive 
mantle–normalized values are from Sun and McDonough (1989). 
 
Fig. 5. Representative cathodolominescence (CL) images for zircons from the calc-silicate-bearing 
siliceous rock. Circles on the zircon grains show the locations of U-Pb age measurement. 
 
Fig. 6. Representative cathodulominescence (CL) images for zircons from the calc-silicate-bearing 
carbonaceous rock. Circles on the zircon grains show the locations of U-Pb age measurement. 
 
Fig. 7. Condordia plots showing the results of dating calc-silicate-bearing siliceous (a) and 
carbonaceous rocks (b) in the MOC. Red and blue data ellipses represent the U-Pb ages for the 
zircon rims and cores, respectively. 
 
Fig. 8. Statistical distribution of zircon εHf(t) values for calc-silicate-bearing siliceous rock (a), 
calc-silicate-bearing carbonaceous rock (b), diabase (c), plagiogranite (d) and gabbros (e, f) in the 
MOC. 
 
Fig. 9. Variation diagrams of Al2O3 versus selected major and trace elements for the mylonitic 
sandstones associated with the MOC. 
 
Fig. 10. Tectonic discriminant diagrams for the mylonitic sandstones associated with the MOC 
(after Bhatia and Crook, 1986). 
 
Fig. 11. Diagram of εHf(t) values versus ages for the calc-silicate-bearing siliceous and 
carbonaceous rocks, diabase, plagiogranite and gabbros in the MOC. 
 
 
Fig. 12. Schematic diagrams illustrating the evolution of the mylonitic metasedimentary rocks in 
the MOC. Modified after (Peng et al., 2012a)  
 
Fig. 13. Distribution of Precambiran rocks in the Yangtze craton and Neoproterozoic tectonic 
framework. Modified after (Wang, 2000; Peng et al., 2012a) 
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Table 1. Major (wt.%) and trace (ppm) compositions of the calc-silicate-bearing mylonitic siliceous, carbonaceous rocks and metasandstones associated with the 
Miaowan Ophiolite Complex. 
 Siliceous rocks                   Carbonaceous rocks Sandstones 
 
13MW
AP-40 
11MZ
-10 
11MZ
-11 
MZC
4-2 
GCP
8-1 
GCP8
-2 
13MW
AP-12 
13MW
AP-26 
13MW
AP-27 
13MW
AP-28 
11MZ
-09 
11MZ
-12 
MZC
4-3 
13MW
AP-41 
13MW
AP-43 
MZC
4-1 
13MW
AP-51 
13MW
AP-52 
13MW
AP-53 
13XX
-01 
13XX
-02 
SiO2 84.28 73.37 88.63 83.94 93.83 86.7 19.15 53.32 48.05 34.34 56.27 56.08 37.92 50.4 56.71 52.26 58.39 62.04 64.18 68.23 67.34 
Al2O3 2.54 10.69 0.86 2.52 0.47 0.27 1.82 5.04 7.35 4.74 7.1 6.94 6.32 14.28 0.72 11.72 12.4 13.59 11.78 10.99 11.38 
Fe2O3* 4.64 4.73 4.59 4.55 0.32 0.37 0.74 2.74 4.60 2.57 4.58 4.63 4.29 8.57 7.41 8.54 4.13 6.21 5.13 6.05 6.12 
MnO 0.11 0.09 0.06 0.12 0.01 0.01 0.14 0.16 0.31 0.14 0.19 0.19 0.2 0.15 0.25 0.24 0.55 0.18 0.72 0.65 0.7 
MgO 1.53 1.96 0.28 1.6 1.28 3.86 0.48 1.25 1.83 1.35 2.46 2.81 2.09 3.76 3.48 4.35 2.72 3.08 2.65 3.11 3.18 
CaO 5.18 1.34 3.15 5.31 2.22 6.26 43.11 19.67 19.02 30.98 17.69 17.45 28.71 11.57 14.5 15.64 15.42 4.88 9.61 4.46 4.91 
Na2O 0.35 1.69 0.01 0.45 0.25 0.19 0.13 0.63 2.13 0.48 0.52 0.5 1.74 3.44 1.86 3.34 1.51 1.48 2.97 1.99 2.21 
K2O 0.3 3.35 0.08 0.31 0.07 0.06 0.66 2.03 2.1 1.36 1.88 1.83 0.55 2.28 1.58 0.64 2.52 6.52 1.45 2.81 2.42 
TiO2 0.16 0.54 0.04 0.16 0.02 0.01 0.08 0.28 0.45 0.26 0.46 0.44 0.49 1.3 1.72 1.08 0.61 0.69 0.58 0.5 0.51 
P2O5 0.06 0.12 0.15 0.06 0.05 0.05 0.4 0.12 0.14 0.16 0.17 0.17 0.15 0.32 0.25 0.22 0.17 0.19 0.26 0.21 0.23 
LOI 1.11 2.07 1.97 1.17 1.65 2.48 32.81 14.48 13.25 23.22 8.88 8.8 17.69 3.99 11.27 2.52 1.54 1.71 0.66 0.86 0.84 
Total 99.80 99.58 99.49 99.83 100.1 100.2 99.47 99.49 98.83 99.38 99.85 99.51 99.7 99.33 91.11 99.8 99.61 100.03 99.51 99.36 99.31 
Mg- 
number 
42.0 47.1 11.5 43.1 89.7 95.7 57.9 49.7 46.3 53.2 53.5 56.4 51.7 48.7 50.4 52.6 58.8 51.8 53.0 52.6 53.0 
                      
Cr 27.11  69.30  3.12  20.4  2.03  1.99  0.71  40.94  51.86  30.71  64.00  62.90  31.5  182.03  131.42  137  28.64  41.20  41.99  5.15  30.00  
Co 20.02  29.90  130.0 16.3  0.37  0.47  0.44  33.49  40.76  27.58  38.00  38.20  16.5  56.73  57.52  34.1  33.76  43.73  69.00  56.74  96.69  
Ni 33.04  51.20  10.10  29.8  1.15  1.69  10.00  33.94  53.49  23.91  52.90  51.70  32.2  91.19  71.74  88.5  26.61  36.34  48.97  3.79  49.54  
Rb 15.57  120.0 1.84  11.9  1.89  1.77  303.8  95.06  67.61  41.90  58.90  58.40  15.8  85.03  68.08  26.3  85.13  176.4  65.85  22.11  72.34  
Sr 49.91  155.0  18.00  39.6  8.65  12.2  7.68  296.93  212.7  300.08  261.0  258.0  333  385.64  312.42  338  373  332.5  460.33  639  210.7  
Cs 0.72  5.04  0.07  0.51  0.08  0.11  2.09  1.60  0.83  0.25  1.38  1.32  0.49  2.90  1.36  0.73  1.34  2.44  1.05  1.30  2.17  
Table 1. Continued 
Ba 374 2732 28 284 185 220 20 3076 1276 790 3409 3389 1411 2700 2274 947 458 700 505 212 426 
Sc 8.21  13.80  1.33  6.67  1.00  1.32  0.26  11.58  12.09  9.02  10.09  10.70  10.5  39.56  32.00  25.0  16.31  22.13  26.09  7.15  14.42  
V 65.37  68.30  15.00  53.7  2.72  2.35  7.65  45.24  60.80  43.02  50.70  49.50  61.1  231.13  200.60  163  78.11  148.8  118.83  93.72  69.56  
Ta 0.06  0.77  0.02  0.03  0.02  0.02  13.14  0.53  0.83  0.59  0.60  0.62  0.54  1.13  0.70  0.63  0.58  0.78  0.88  0.31  0.61  
Nb 0.78  9.03  0.04  0.57  0.31  0.24  1.61  6.05  10.20  6.79  6.98  7.21  7.60  19.23  9.09  10.4  7.71  11.67  13.68  4.04  7.04  
Zr 10.79  113.0 4.24  7.38  5.68  5.43  2.43  73.89  100.1  70.71  82.70  80.30  78.2  221.93  123.48  106  135  218.6  244.90  9.40  35.86  
Th 0.27  10.90  0.33  0.21  0.25  0.15  2.85  7.11  8.60  6.11  6.89  6.69  4.31  2.08  7.56  3.77  4.58  5.12  6.03  0.52  4.53  
Y 5.65  26.70  4.58  5.13  0.78  1.73  26.45  36.90  23.85  25.42  30.60  29.80  27.7  36.10  42.86  21.0  28.13  37.88  50.16  4.71  24.20  
                      
La 1.64 20.00 1.70 1.18 0.31 0.45 7.60 29.87 27.90 22.60 22.50 21.60 17.20 29.92 33.08 19.10 20.29 30.33 41.39 8.69 21.06 
Ce 2.94 42.30 2.86 2.18 0.54 0.67 12.90 44.21 51.90 37.81 42.20 41.00 32.20 62.15 58.98 40.60 42.48 58.39 87.45 18.46 49.63 
Pr 0.49 5.35 0.44 0.33 0.08 0.12 1.88 6.80 6.86 5.73 5.51 5.31 4.51 8.36 7.62 5.54 5.70 7.02 9.90 2.31 5.61 
Nd 2.13 20.30 1.77 1.48 0.34 0.52 6.95 21.43 26.75 19.44 22.00 21.40 18.10 22.18 20.60 23.20 23.53 22.12 27.68 9.94 24.19 
Sm 0.62 4.48 0.45 0.49 0.09 0.12 1.47 5.95 5.32 3.76 4.58 4.39 3.92 5.71 6.02 5.20 5.26 5.19 6.81 2.26 5.54 
Eu 0.24 1.09 0.08 0.21 0.05 0.06 0.32 1.81 1.35 0.98 1.41 1.40 1.17 2.31 2.07 1.53 1.42 1.24 1.84 1.38 1.23 
Gd 0.71 4.15 0.44 0.59 0.11 0.17 1.45 6.04 4.23 3.71 4.62 4.44 4.22 7.87 7.97 5.22 5.03 6.55 9.13 2.04 5.13 
Tb 0.14 0.72 0.07 0.11 0.01 0.03 0.23 0.99 0.77 0.71 0.76 0.73 0.68 1.39 1.40 0.84 0.84 1.17 1.69 0.31 0.85 
Dy 0.86 4.47 0.49 0.72 0.10 0.17 1.13 4.50 4.24 3.84 4.64 4.46 4.15 5.02 6.05 5.04 4.79 5.28 6.97 1.79 5.53 
Ho 0.18 0.93 0.10 0.16 0.02 0.04 0.24 1.02 0.79 0.73 0.96 0.93 0.86 0.89 1.13 1.06 1.06 1.03 1.32 0.33 1.15 
Er 0.50 2.81 0.30 0.49 0.06 0.10 0.64 3.07 2.09 1.89 2.68 2.63 2.35 2.60 3.50 2.86 2.91 2.94 4.10 0.90 3.65 
Tm 0.10 0.44 0.04 0.07 0.01 0.01 0.09 0.59 0.35 0.32 0.46 0.38 0.34 0.48 0.64 0.42 0.46 0.53 0.80 0.14 0.55 
Yb 0.66 3.05 0.23 0.48 0.06 0.08 0.59 4.13 2.16 2.29 2.65 2.66 2.36 3.85 4.85 2.89 2.92 3.68 5.30 0.75 3.66 
Lu 0.09 0.46 0.04 0.08 0.01 0.02 0.08 0.68 0.36 0.44 0.41 0.39 0.34 0.58 0.79 0.43 0.46 0.62 0.87 0.10 0.54 
Cu 612.18 127.0 1597 515.0 4.63 6.11 12.63 75.29 54.92 18.40 29.80 29.80 11.80 80.37 27.41 43.40 20.06 20.76 50.16 0.80 1.32 
Zn 42.86 69.60 8.03 28.80 3.90 9.59 13.64 79.55 74.04 97.99 84.00 84.70 56.00 143.90 106.89 114.0 176.68 112.16 125.45 62.51 120.2 
Table 1. Continued 
Al2O3/ 
TiO2 
15.88 19.80 21.50 15.75 23.50 27.0 22.75 18.00 16.33 18.23 15.43 15.77 12.90 10.98 0.42 10.85 20.33 19.70 20.31 21.98 22.31 
Nb/Ta 13.39 11.73 2.31 16.76 13.48 16.0 0.12 11.44 12.35 11.54 11.63 11.63 14.07 17.05 13.04 16.51 13.36 14.90 15.63 12.97 11.55 
Zr/Y 1.91 4.23 0.93 1.44 7.28 3.14 0.09 2.00 4.20 2.78 2.70 2.69 2.82 6.15 2.88 5.05 4.81 5.77 4.88 2.00 1.48 
Ti/Zr 0.31 2.44 0.67 0.29 2.55 0.88 2.51 1.58 2.03 1.59 1.48 1.50 1.04 0.42 1.25 0.75 0.96 0.97 0.86 0.29 0.82 
Y/Ho 31.80 28.71 45.80 32.06 45.88 45.5 112.04 36.03 30.05 34.96 31.88 32.04 32.21 40.34 37.86 19.81 26.53 36.80 37.95 14.14 21.07 
La/Smcn 1.70 2.88 2.44 1.55 2.35 2.42 3.35 3.24 3.39 3.88 3.17 3.18 2.83 3.38 3.55 2.37 2.49 3.77 3.93 2.48 2.45 
La/Ybcn 1.78 4.70 5.30 1.76 3.97 3.89 9.17 5.19 9.25 7.07 6.09 5.82 5.23 5.58 4.89 4.74 4.98 5.92 5.60 8.31 4.13 
Gd/Ybcn 0.89 1.13 1.58 1.02 1.62 1.69 2.02 1.21 1.62 1.34 1.44 1.38 1.48 1.69 1.36 1.49 1.42 1.47 1.42 2.25 1.16 
Ce/Ce* 0.81 1.00 0.81 0.86 0.86 0.71 0.84 0.76 0.92 0.81 0.93 0.94 0.90 0.96 0.91 0.97 0.97 0.98 1.06 1.01 1.12 
Eu/Eu* 1.09 0.77 0.58 1.19 1.61 1.26 0.67 0.92 0.87 0.81 0.94 0.97 0.88 1.05 0.91 0.90 0.84 0.65 0.71 1.96 0.71 
Zr/Zr* 0.55 0.70 0.28 0.51 1.98 1.29 0.05 0.39 0.50 0.49 0.49 0.49 0.55 1.17 0.66 0.57 0.72 1.21 1.06 0.12 0.18 
Ti/Ti* 0.59 0.31 0.22 0.73 0.51 0.17 0.13 0.11 0.23 0.17 0.25 0.24 0.30 0.48 0.61 0.51 0.29 0.29 0.18 0.57 0.23 
Nb/Nb* 0.28 0.14 0.01 0.27 0.26 0.22 0.08 0.10 0.15 0.14 0.13 0.14 0.21 0.57 0.14 0.29 0.19 0.22 0.20 0.45 0.17 
North 30°55'45" 30°55'47" 30°56'58" 30°56'28" 30°55'29" 
East 110°56'54" 110°58'11" 110°56'51 110°56'55" 110°55'43" 
* Total Fe as Fe2O3 
Table 2. LA-ICP-MS zircon U-Pb data of the calc-silicate bearing siliceous and carbonaceous rocks 
from the Miaowan ophiolite complex. 
Carbonaceous rock (11MZ-09)  
Spot 
Corrected isotope ratio                     Corrected age (Ma) 
Pb Th U 
Th/
U 
207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 
ppm ppm ppm   ratio 1σ ratio 1σ age 1σ age 1σ age 1σ 
01r 33.8 64.5 157 0.41  1.79093 0.09283 0.16932 0.00223 1114 74 1042 34 1008 12 
03r 60.6 196 248 0.79  1.92001 0.06285 0.17498 0.00247 1171 38 1088 22 1039 14 
07r 36.7 84.8 173 0.49  1.80821 0.07153 0.16594 0.00265 1152 48 1048 26 990 15 
09r 18.5 41.1 86.9 0.47  1.72692 0.11919 0.16715 0.00316 1067 99 1019 44 996 17 
13r 36.2 126 144 0.87  1.87611 0.07366 0.17973 0.00277 1061 49 1073 26 1066 15 
14r 72.1 254 272 0.93  1.99425 0.06208 0.18879 0.00267 1090 36 1114 21 1115 14 
16r 70.3 230 322 0.71  1.74156 0.06409 0.15641 0.00196 1199 47 1024 24 937 11 
25r 6.1 13.2 25.5 0.52  2.32308 0.17218 0.18568 0.00472 1490 92 1219 53 1098 26 
27r 26.8 35.9 137 0.26  1.55416 0.0856 0.15844 0.0026 962 78 952 34 948 14 
28r 9.0 17.6 42.9 0.41  1.85739 0.10659 0.16405 0.00339 1292 71 1066 38 979 19 
31r 28.1 81.6 114 0.72  1.85519 0.07789 0.17834 0.0025 1082 59 1065 28 1058 14 
32r 12.4 33.1 49.6 0.67  2.05269 0.10991 0.1845 0.0036 1232 71 1133 37 1092 20 
34r 19.9 38.5 90.6 0.43  1.68785 0.11574 0.17079 0.0034 977 105 1004 44 1016 19 
35r 37.2 110 150 0.74  1.8823 0.07174 0.1802 0.0022 1077 54 1075 25 1068 12 
37r 4.9 9.84 20.4 0.48  2.10412 0.16029 0.18436 0.00673 1346 88 1150 52 1091 37 
38r 48.9 182 223 0.82  1.52896 0.05647 0.15402 0.00207 973 51 942 23 923 12 
39r 29.3 73.1 148 0.49  1.65481 0.07499 0.15937 0.00439 1127 46 991 29 953 24 
40r 25.9 65.5 105 0.63  2.00829 0.08614 0.18206 0.00288 1207 57 1118 29 1078 16 
48r 21.6 68.7 82.5 0.83  2.22177 0.11582 0.18607 0.00362 1383 67 1188 37 1100 20 
50r 25.5 36.3 106 0.34  2.01971 0.09311 0.1784 0.0036 1231 56 1122 31 1058 20 
51r 23.5 44.8 113 0.40  1.77184 0.08709 0.17116 0.00372 1073 61 1035 32 1018 20 
52r 30.0 89.5 127 0.71  1.75117 0.07228 0.17134 0.0024 1036 58 1028 27 1019 13 
53r 11.4 18.6 54.4 0.34  1.77255 0.10593 0.1657 0.00364 1238 79 1035 39 988 20 
54r 48.8 120 266 0.45  1.4533 0.05503 0.15016 0.00356 916 39 911 23 902 20 
56r 22.2 49.9 104 0.48  1.51662 0.10707 0.15813 0.00287 915 114 937 43 946 16 
57r 22.3 30.2 102 0.30  1.87447 0.08539 0.17453 0.00295 1143 61 1072 30 1037 16 
58r 27.8 60.8 118 0.52  1.73272 0.08502 0.18036 0.00256 904 74 1021 32 1069 14 
59r 50.9 137 193 0.71  1.95156 0.06741 0.19179 0.00286 1018 44 1099 23 1131 15 
60r 60.1 187 228 0.82  1.84408 0.06031 0.18569 0.00267 969 41 1061 22 1098 15 
02c 111 301 448 0.67  1.97588 0.05288 0.183 0.002 1125 34 1107 18 1083 11 
04c 19.3 43.7 84.6 0.52  1.97157 0.09693 0.17313 0.00303 1269 66 1106 33 1029 17 
08c 78.1 192 324 0.59  2.05599 0.06062 0.18631 0.00263 1178 34 1134 20 1101 14 
10c 22.6 52.9 96.3 0.55  2.00894 0.08637 0.18258 0.00316 1179 55 1119 29 1081 17 
11c 14.1 24.0 65.6 0.37  1.86079 0.13699 0.16973 0.00388 1166 103 1067 49 1011 21 
12c 15.1 31.4 68.0 0.46  1.82762 0.11024 0.17584 0.00369 1087 81 1055 40 1044 20 
17c 15.3 30.9 68.1 0.45  1.76263 0.1259 0.17275 0.00269 1041 113 1032 46 1027 15 
18c 22.0 51.7 92.9 0.56 1.86146 0.08232 0.18349 0.00289 1036 59 1068 29 1086 16 
Table 2. Continued 
20c 23.3  53.6  110  0.49  1.84474 0.07598 0.16309 0.00253 1223 53 1062 27 974 14 
22c 30.2  82.4  131  0.63  1.87767 0.0687 0.17192 0.00243 1162 47 1073 24 1023 13 
24c 64.8  231  264  0.87  1.88917 0.05944 0.17461 0.00197 1143 41 1077 21 1037 11 
26c 16.1  43.2  66.8  0.65  2.06475 0.11416 0.18505 0.00378 1210 71 1137 38 1095 21 
30c 24.0  60.8  98.7  0.62  1.93181 0.08459 0.17976 0.00266 1145 59 1092 29 1066 15 
36c 50.8  167  207  0.81  1.8012 0.06426 0.17765 0.00237 1019 47 1046 23 1054 13 
41c 31.5  100  123  0.82  1.93062 0.10333 0.17853 0.00252 1164 78 1092 36 1059 14 
42c 9.3  24.0  38.2  0.63  1.97391 0.11075 0.18007 0.00374 1214 72 1107 38 1067 20 
43c 19.8  49.0  82.6  0.59  1.82063 0.07697 0.1791 0.00295 1049 55 1053 28 1062 16 
44c 15.6  38.2  68.5  0.56  1.80966 0.07992 0.17095 0.00243 1122 61 1049 29 1017 13 
45c 7.8  14.2  36.3  0.39  1.80427 0.10061 0.17209 0.00327 1132 75 1047 36 1024 18 
Spot 
    Corrected isotope ratio             Corrected age (Ma) 
Pb Th U 
Th/
U 
207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 
ppm ppm ppm   ratio 1σ ratio 1σ age 1σ age 1σ age 1σ 
01r 22.4  67.5  103  0.65  1.52629 0.06327 0.15897 0.00221 906 57 941 25 951 12 
05r 10.2  17.4  34.9  0.50  2.68764 0.19054 0.21919 0.00716 1473 79 1325 52 1278 38 
07r 14.6  4.2  95.0  0.04  1.39997 0.06934 0.13398 0.00268 1097 62 889 29 811 15 
09r 21.8  12.2  144  0.08  1.27121 0.05012 0.13058 0.00192 942 55 833 22 791 11 
10r 10.9  10.2  61.8  0.17  1.45905 0.08991 0.15676 0.00376 869 85 914 37 939 21 
11r 16.9  31.5  85.5  0.37  1.68447 0.17084 0.16299 0.00438 1042 158 1003 65 973 24 
12r 19.0  34.1  97.6  0.35  1.59572 0.09278 0.1567 0.00283 1049 85 969 36 938 16 
14r 28.6  19.6  152  0.13  1.6787 0.0854 0.15483 0.00266 1163 71 1000 32 928 15 
15r 24.7  34.9  134  0.26  1.61559 0.05916 0.15666 0.00283 1053 43 976 23 938 16 
17r 13.9  37.2  66.2  0.56  1.59643 0.08376 0.16014 0.0028 1016 75 969 33 958 16 
18r 21.0  26.1  112  0.23  1.61783 0.075 0.15974 0.00241 1017 67 977 29 955 13 
19r 72.3  260  308  0.84  1.90719 0.07822 0.16461 0.00273 1284 52 1084 27 982 15 
20r 43.7  119  212  0.56  1.74394 0.08882 0.16158 0.00302 1125 69 1025 33 966 17 
23r 51.8  205  244  0.84  1.55551 0.05359 0.15343 0.00184 1011 48 953 21 920 10 
24r 51.7  96.0  303  0.32  1.43444 0.04977 0.13897 0.00223 1052 43 903 21 839 13 
31r 77.8  218  347  0.63  1.81492 0.05227 0.16866 0.00186 1128 38 1051 19 1005 10 
32r 29.6  66.8  125  0.53  2.10067 0.09352 0.18591 0.00387 1272 53 1149 31 1099 21 
34r 36.0  24.4  219  0.11  1.44245 0.07845 0.14211 0.00227 1031 74 907 33 857 13 
40r 21.4  31.5  85.8  0.37  2.4871 0.236 0.19478 0.00409 1436 131 1268 69 1147 22 
41r 46.0  97.2  231  0.42  1.72304 0.06192 0.15426 0.00188 1246 45 1017 23 925 11 
44r 25.3  19.4  155  0.12  1.41559 0.06172 0.13711 0.00191 1067 57 896 26 828 11 
45r 31.3  129  158  0.81  1.575 0.09968 0.15177 0.00339 1091 80 960 39 911 19 
04c 6.5  11.9  31.2  0.38  1.66432 0.18496 0.16454 0.00419 1024 164 995 70 982 23 
08c 17.2  2.6  111  0.02  1.20572 0.05098 0.13819 0.00217 723 55 803 23 834 12 
13c 12.1  6.0  75.5  0.08  1.44211 0.08145 0.14932 0.00332 978 69 907 34 897 19 
21c 102  306  459  0.67  1.64934 0.05386 0.16739 0.00216 942 40 989 21 998 12 
22c 31.8  65.6  133  0.49  2.06247 0.07988 0.18698 0.00314 1209 44 1136 26 1105 17 
26c 86.5  255  402  0.64  1.62741 0.04595 0.16168 0.00173 998 35 981 18 966 10 
Table 2. Continued 
28c 128  620  680  0.91  1.33359 0.03923 0.1332 0.00172 982 34 860 17 806 10 
29c 86.3  68.6  580  0.12  1.25115 0.05389 0.13632 0.00219 824 56 824 24 824 12 
30c 46.9  86.7  219  0.40  1.82606 0.05795 0.17832 0.00229 1036 38 1055 21 1058 13 
33c 40.3  114  175  0.65  1.77862 0.07452 0.17175 0.0022 1038 56 1038 27 1022 12 
35c 12.9  17.3  61.5  0.28  1.84438 0.09347 0.17211 0.003 1129 64 1061 33 1024 17 
36c 7.7  12.5  38.2  0.33  1.69239 0.16204 0.16068 0.00354 1105 137 1006 61 961 20 
37c 44.7  159  192  0.83  1.81447 0.06645 0.16178 0.00229 1214 44 1051 24 967 13 
38c 22.7  36.9  101  0.36  1.84663 0.08631 0.17988 0.0034 1072 56 1062 31 1066 19 
39c 164  1215  863  1.41  1.20217 0.03527 0.11735 0.00146 1018 34 802 16 715 8 
 
Table 3. Lu-Hf isotopic data of zircons from the calc-silicate bearing siliceous and carbonaceous rocks, diabase, plagiogranite and gabbros in the Miaowan 
ophiolite complex. 
Spot no. U-Pb age(Ma) 
176
Yb/
177
Hf 1σ 176Lu/177Hf 1σ 176Hf/177Hf 1σ εHf(t) 1σ TDM1  (Ma) TDM2 (Ma) 
11MZ-10 Calc-silicate bearing siliceous rock 
1 1001  0.01985  0.00089  0.00069  0.00004  0.28254  0.00001  13.8  0.7  995  989  
2 1022  0.01532  0.00066  0.00049  0.00002  0.28255  0.00001  14.1  0.7  984  974  
3 968  0.09685  0.00383  0.00234  0.00010  0.28235  0.00002  5.7  1.1  1326  1436  
4 998  0.06689  0.00105  0.00204  0.00004  0.28239  0.00003  7.4  1.3  1254  1342  
5 1105  0.11204  0.00422  0.00314  0.00011  0.28235  0.00005  5.5  1.9  1343  1448  
6 966  0.08517  0.00057  0.00262  0.00000  0.28226  0.00006  2.6  2.2  1456  1606  
11MZ-09 Calc-silicate bearing carbonaceous rock 
1 1083 0.15802  0.00673  0.00366  0.00012  0.28250  0.00002  11.1  1.0  1148  1176  
2 1081 0.09324  0.00343  0.00241  0.00014  0.28245  0.00003  10.3  1.3  1175  1217  
3 1037 0.08665  0.00211  0.00206  0.00003  0.28247  0.00002  11.3  1.0  1135  1164  
4 1086 0.07388  0.00042  0.00171  0.00002  0.28242  0.00001  9.7  0.7  1200  1253  
5 1037 0.09496  0.00185  0.00210  0.00004  0.28244  0.00002  10.3  1.0  1177  1220  
6 1066 0.05742  0.00265  0.00138  0.00007  0.28241  0.00002  9.5  0.9  1205  1263  
7 1054 0.04309  0.00124  0.00102  0.00003  0.28239  0.00002  9.2  0.8  1215  1279  
8 1024 0.05130  0.00049  0.00118  0.00001  0.28247  0.00002  11.8  0.8  1112  1134  
9 1059 0.19357  0.00326  0.00448  0.00009  0.28254  0.00002  11.9  1.1  1115  1131  
10 1064 0.09782  0.00061  0.00235  0.00002  0.28248  0.00002  11.5  0.9  1129  1154  
11 1062 0.08981  0.00139  0.00205  0.00003  0.28248  0.00002  11.7  0.9  1119  1142  
12 1017 0.07477  0.00399  0.00169  0.00008  0.28248  0.00001  11.9  0.8  1111  1132  
F1 Diabase 
1 978 0.028888  0.002262  0.000979  0.000077  0.282539  0.000015  12.7  0.8  1009  1023  
Table 3. Continued 
2 978 0.017683  0.001390  0.000613  0.000047  0.282549  0.000014  13.3  0.8  985  989  
3 978 0.088901  0.004131  0.002764  0.000111  0.282565  0.000027  12.4  1.2  1020  1036  
4 978 0.015380  0.000115  0.000508  0.000003  0.282550  0.000014  13.4  0.8  980  983  
5 978 0.024218  0.001362  0.000820  0.000044  0.282551  0.000016  13.2  0.8  987  993  
6 978 0.067688  0.001625  0.002187  0.000047  0.282535  0.000018  11.8  0.9  1047  1073  
7 978 0.031992  0.001381  0.001054  0.000045  0.282534  0.000020  12.4  0.9  1018  1035  
8 978 0.021869  0.001378  0.000736  0.000045  0.282527  0.000013  12.4  0.8  1019  1037  
9 978 0.081486  0.003876  0.002517  0.000116  0.282541  0.000027  11.7  1.2  1049  1074  
10 978 0.016724  0.000350  0.000541  0.000008  0.282509  0.000014  11.9  0.8  1038  1065  
11 978 0.023973  0.002687  0.000774  0.000082  0.282560  0.000013  13.5  0.8  974  974  
12 978 0.013900  0.000098  0.000487  0.000004  0.282535  0.000013  12.9  0.7  1001  1012  
MW 25-1 Plagiogranite 
1 1049 0.078353  0.002843  0.002077  0.000065  0.282573  0.000020  14.7  0.9  990  969  
2 1049 0.069067  0.001390  0.001931  0.000016  0.282540  0.000026  13.7  1.1  1033  1028  
3 1049 0.068953  0.001734  0.002178  0.000076  0.282541  0.000022  13.6  1.0  1038  1034  
4 1049 0.070151  0.003704  0.001863  0.000088  0.282565  0.000022  14.6  1.0  995  976  
5 1049 0.084935  0.000920  0.002351  0.000043  0.282535  0.000020  13.2  0.9  1051  1052  
6 1049 0.065186  0.002251  0.002245  0.000135  0.282607  0.000023  15.9  1.1  944  907  
7 1049 0.059513  0.000445  0.001591  0.000017  0.282542  0.000022  14.0  1.0  1020  1009  
8 1049 0.070835  0.003237  0.002382  0.000166  0.282641  0.000041  17.0  1.7  898  846  
9 1049 0.076175  0.000638  0.002049  0.000025  0.282540  0.000019  13.6  0.9  1036  1031  
10 1049 0.063883  0.001064  0.001877  0.000062  0.282575  0.000022  15.0  1.0  981  956  
F2 Gabbro 
1 1001 0.008836  0.000462  0.000275  0.000015  0.282487  0.000016  11.9  0.8  1061  1087  
2 1001 0.019775  0.000358  0.000643  0.000007  0.282495  0.000018  11.9  0.9  1061  1085  
Table 3. Continued 
3 1001 0.023861  0.000198  0.000788  0.000004  0.282499  0.000013  12.0  0.8  1058  1081  
4 1001 0.033128  0.001485  0.001069  0.000047  0.282516  0.000016  12.4  0.8  1043  1060  
5 1001 0.041663  0.000349  0.001187  0.000015  0.282523  0.000018  12.6  0.9  1037  1050  
6 1001 0.011913  0.000406  0.000381  0.000013  0.282509  0.000014  12.6  0.8  1034  1048  
7 1001 0.014278  0.000473  0.000448  0.000011  0.282513  0.000015  12.7  0.8  1030  1042  
8 1001 0.028639  0.001712  0.000883  0.000047  0.282525  0.000015  12.8  0.8  1025  1035  
9 1001 0.013406  0.001309  0.000410  0.000039  0.282517  0.000016  12.9  0.8  1024  1034  
10 1001 0.012056  0.000179  0.000375  0.000004  0.282519  0.000012  13.0  0.7  1019  1027  
11 1001 0.053186  0.001358  0.001504  0.000028  0.282555  0.000016  13.5  0.8  1000  999  
12 1001 0.022794  0.001426  0.000701  0.000040  0.282549  0.000015  13.8  0.8  987  981  
09M042 Gabbro 
1 1118 0.112311  0.002003  0.002585  0.000029  0.282541  0.000015  14.7  0.8  1049  1026  
2 1118 0.158179  0.011948  0.003608  0.000273  0.282528  0.000027  13.5  1.3  1100  1095  
3 1118 0.190656  0.002355  0.004174  0.000055  0.282544  0.000021  13.6  1.0  1094  1087  
4 1118 0.167458  0.001214  0.003708  0.000006  0.282535  0.000020  13.7  0.9  1092  1084  
5 1118 0.132994  0.001543  0.002760  0.000005  0.282601  0.000032  16.7  1.3  967  917  
6 1118 0.104643  0.000947  0.002469  0.000061  0.282489  0.000027  13.0  1.2  1122  1124  
7 1118 0.171748  0.003345  0.003936  0.000081  0.282536  0.000019  13.5  0.9  1099  1094  
8 1118 0.105858  0.001494  0.002304  0.000033  0.282539  0.000024  14.9  1.0  1044  1019  
9 1118 0.116833  0.000684  0.002675  0.000026  0.282491  0.000019  12.8  0.9  1127  1130  
10 1118 0.165903  0.005416  0.004340  0.000194  0.282653  0.000045  17.3  1.8  931  881  
11 1118 0.165479  0.001124  0.003786  0.000068  0.282511  0.000017  12.8  0.9  1131  1135  
Initial Hf isotope ratios are calculated nearly by their formation age (see detailed discussion in the text). 
 
